The recent emergence of Middle East respiratory syndrome (MERS) coronavirus and its discovery from dromedary camels has boosted interest in the search for novel viruses in dromedaries. While bocaparvoviruses are known to infect various animals, it was not known that they exist in dromedaries. In this study, we describe the discovery of two novel dromedary camel bocaparvoviruses (DBoVs), DBoV1 and DBoV2, from dromedary faecal samples in Dubai. Among 667 adult dromedaries and 72 dromedary calves, 13.9 % of adult dromedaries and 33.3 % of dromedary calves were positive for DBoV1, while 7.0 % of adult dromedaries and 25.0 % of dromedary calves were positive for DBoV2, as determined by PCR. Sequencing of 21 DBoV1 and 18 DBoV2 genomes and phylogenetic analysis showed that DBoV1 and DBoV2 formed two distinct clusters, with only 32.6-36.3 % amino acid identities between the DBoV1 and DBoV2 strains. Quasispecies were detected in both DBoVs. The amino acid sequences of the NS1 proteins of all the DBoV1 and DBoV2 strains showed <85 % identity to those of all the other bocaparvoviruses, indicating that DBoV1 and DBoV2 are two bocaparvovirus species according to the ICTV criteria. Although the typical genome structure of NS1-NP1-VP1/VP2 was observed in DBoV1 and DBoV2, no phospholipase A 2 motif and associated calcium binding site were observed in the predicted VP1 sequences for any of the 18 sequenced DBoV2, and no start codons were found for their VP1. For all 18 DBoV2 genomes, an AT-rich region of variable length and composition was present downstream to NP1. Further studies will be crucial to understand the pathogenic potential of DBoVs in this unique group of animals.
INTRODUCTION
Parvoviruses are a group of small, non-enveloped, singlestranded DNA (ssDNA) viruses that cause a wide range of disease in animals. Under the current International Committee on Taxonomy of Viruses (ICTV) classification system, the family Parvoviridae is classified into two subfamilies based on their host range: Parvovirinae, infecting vertebrates, and Densovirinae, infecting invertebrates. Parvovirinae is further subdivided into eight genera, including Amdoparvovirus, Aveparvovirus, Bocaparvovirus, Copiparvovirus, Dependoparvovirus, Erythroparvovirus, Protoparvovirus and Tetraparvovirus [1] .
Bocaparvoviruses are unique among parvoviruses in possessing an additional ORF, ORF3, between the nonstructural and structural coding regions, ORF1 and ORF2, in their genomes. The genus was originally named according to the initial two members, bovine parvovirus (BPV) and minute virus of canine (MVC) [2] [3] [4] [5] . The third bocaparvovirus, human bocavirus (HBoV), was discovered in 2005 from respiratory samples and later also found in the stools of children [6] [7] [8] [9] . At least four different HBoVs, HBoV1-4, have now been described, although their pathogenic role in human disease is still not fully understood [6, [10] [11] [12] . In the past few years, several novel animal bocaparvoviruses have been discovered and their genomes sequenced. In particular, four ungulate bocaparvovirus species have been reported in swine samples in China and the UK [13] [14] [15] [16] [17] [18] . We have also described evidence for inter-and intrahost genetic diversity and recombination among porcine bocaviruses [15] . Another bocaparvovirus, gorilla bocavirus 1, was discovered in stool samples from western gorillas [19] . Similar bocaparvovirus-like sequences have also been detected in faecal samples from primates in Cameroon [20] . Two novel bocaparvovirus species, Pinniped bocaparvovirus 1 and Pinniped bocaparvovirus 2, have been detected from the faecal flora of California sea lions [21] . In 2012, a novel canine bocavirus (CBoV), phylogenetically distinct from MVC, was discovered in respiratory samples from dogs [22] , and we also discovered a novel feline bocavirus in faecal and urine samples from cats [23] . More canine and feline bocaparvoviruses, CBoV3 and FBoV2, have also been identified in canine liver and feline faecal samples, respectively [24, 25] . Recently, four novel bat bocaparvoviruses have also been found in three bats species in mainland China [26, 27] . Furthermore, a novel rabbit bocaparvovirus has been identified from rabbit faecal materials in Italy [28] .
The recent emergence of Middle East respiratory syndrome (MERS) and the discovery of MERS coronavirus from dromedaries have boosted interest in the search for novel viruses in dromedaries [29] [30] [31] [32] [33] . In the last few years, a number of novel viruses from dromedaries have been reported [34] [35] [36] [37] [38] . We hypothesized that previously unrecognized bocaparvoviruses may be present in dromedaries. Recently, our metagenomic analysis suggested that there are bocaparvovirus sequences in faecal samples from dromedaries [36] . In this paper, we describe the discovery and genome characterization of novel bocaparvoviruses in dromedaries from the Middle East. Comparative genome and phylogenetic analyses showed that two novel bocaparvoviruses, dromedary camel bocavirus 1 (DBoV1) and dromedary camel bocavirus 2 (DBoV2), with unique predicted genome features.
RESULTS
Detection of bocaparvoviruses in dromedary samples PCR using a pair of degenerate primers designed by multiple alignments of bocaparvovirus sequence data from dromedaries and targeted to a 161 bp fragment of the NS1 gene was used to detect the presence of bocaparvoviruses in faecal samples from 667 adult dromedaries and 72 dromedary calves. Overall, 136 (20.4 %) adult dromedaries and 42 (58.3 %) dromedary calves were positive for bocaparvovirus. The sequences from these positive samples had <80 % nucleotide identity to the corresponding parts of the NS1 genes in all other known bocaparvoviruses. Moreover, the positive sequences were clustered into two groups, suggesting the presence of two novel bocaparvoviruses, which we propose to name DBoV1 and DBoV2. Ninety-three (13.9 %) adult dromedaries and 24 (33.3 %) dromedary calves were positive for DBoV1 and 47 (7.0 %) adult dromedaries and 18 (25.0 %) dromedary calves were positive for DBoV2. Quasispecies were detected in seven DBoV1 positive samples and one DBoV2 positive sample from adult dromedaries. Four adult dromedary samples (63 C-F, 84 C-F, 475F and 849F) were positive for both DBoV1 and DBoV2, but none of the dromedary calf samples were positive for both viruses.
Genome sequence analysis of DBoV1 and DBoV2
Near-complete genome sequences were determined for the DBoVs detected from the faecal samples of 39 dromedaries. The genome size of DBoV1 ranged from 4990 to 5266 bp, with G+C content of 47.1-49.2 %, while DBoV2 ranged from 4871 to 5196 bp, with G+C content of 40.6-45.3 %. The relatively large variation in size for the genomes was in the non-coding regions.
Similar to other bocaparvoviruses, the 21 genomes of DBoV1 and the 18 genomes of DBoV2 encode two major nonoverlapping ORFs, ORF1 and ORF2, and one additional ORF, ORF3, characteristic of bocaparvoviruses [6, 10] . For DBoV1, ORF1 encodes the non-structural protein NS1 and ORF2 encodes the overlapping capsid proteins VP1/VP2, while ORF3 encodes NP1 (Fig. 1) . As for DBoV2, only NS1, VP2 and NP1 (but not VP1) were observed. Within the NS1 of both DBoVs, conserved motifs associated with rolling-circle replication, helicase and ATPase were identified. The VP1-unique (VP1u) regions of DBoV1 also contained the phospholipase A 2 motifs required for parvovirus infectivity, while calcium-binding loops and catalytic residues were present (Fig. 2) . The unique bocaparvovirus protein NP1 is responsible for capsid protein expression [39, 40] .
The predicted NS1 proteins of seven and 13 of the 21 DBoV1 genomes encoded 697 and 701 amino acids (aa) respectively, and that of the remaining one encoded 795 aa. The predicted VP1 and VP2 proteins encoded 678-685 aa and 533-540 aa, respectively. The predicted NP1 proteins of 11 and 10 of the 21 DBoV1 genomes encoded 219 and 220 aa, respectively, while one strain encoded 222 aa. The predicted NS1, VP2 and NP1 proteins of all the 18 DBoV2 genome sequences encoded 825, 533 and 173 aa, respectively. No start codons were observed for VP1 in DBoV2, although aa sequences homologous to the VP1 of other bocaviruses were predicted, such as aa 66-136 of VP1 in porcine bocavirus 3 (Fig. 3a) . In addition a conserved motif compatible with bipartite nuclear localization signal KRX (11) KK/QXK was also observed in this region of all the 18 DBoV2 genomes. The VP1 of DBoV2 was presumably translated through alternative splicing, a characteristic of other genera of the Parvoviridae family. However, in the predicted VP1 of DBoV2, no phospholipase A 2 motif or associated calcium-binding site were observed. It is notable that in all the 18 DBoV2 genomes sequenced, an AT-rich region of variable length (74-80 nucleotides with G+C content of 15-24 %) and composition was present downstream to NP1 (Fig. 3a, b) . In fact, these 18 AT-rich regions belong to 16 sequence types, with the remaining two sequences being identical to two different sequence types. All these AT-rich regions contain a polyadenylation signal of AATAAA. In some bocaviruses, an additional VP3 as well as some other small non-structural proteins may be present in the genomes [40, 41] . However, in DBoV1 and DBoV2, our analysis did not reveal any putative VP3 or other small non-structural proteins.
Phylogenetic analyses of DBoV1 and DBoV2
Phylogenetic trees constructed using the amino acid sequences of full-length NS1 of the 39 DBoV genomes and other bocaparvoviruses with complete genome sequences available are shown in Fig. 4 . The DBoVs fell into two distinct clusters, with only 32.6-36.3 % amino acid identity between the 21 strains of DBoV1 and 18 strains of DBoV2. Comparison of the predicted amino acid sequences of NS1 of the 21 DBoV1 with those of other bocaparvoviruses showed that NS1 of DBoV1 only possessed 49.1-55.1 % amino acid identity to Ungulate bocaparvovirus 5. Among these 21 DBoV1 genomes, the predicted amino acid sequences of NS1 proteins of 20 strains showed 92.2-99.6 % identity, while that of one strain showed exceptionally low 78.7-83.5 % identity. Comparison of the predicted amino acid sequences of NS1 of the 18 DBoV2 with those of other bocaparvovirus showed that they were only distantly related to DBoV1 and other members of the genus. NS1 of the 18 DBoV2 only possessed 35.5-36.9 % amino acid identity to Primate bocaparvovirus 1. Among these 18 DBoV2 genomes, the predicted amino acid sequences of NS1 proteins showed 84.2-100 % identity (Table 1) .
Intra-host genetic diversity PCR, cloning and sequencing were successful for the NS1 region of 146 C-F and NP1-VP1/2 region of 158 C-F. 
Estimation of synonymous and nonsynonymous substitution rates
The K a, K s and K a /K s ratio for the various coding regions in DBoV1 and DBoV2 are shown in Table 2 . Although the K a / K s ratios for all coding regions were <1, the ratios for NP1, VP1 and VP2 in DBoV1 were significantly higher than those in DBoV2 (P<0.01 by Student's t-test).
DISCUSSION
This study is the first to describe the existence of bocaparvoviruses in dromedaries. Using consensus primers for PCR of a NS1 gene fragment, bocaparvovirus sequences were detected in 24.1 % of the dromedary faecal samples. Nearcomplete genome sequences were determined from 39 samples, which confirmed the presence of two different bocaparvoviruses. Quasispecies were detected in both DBoV1 and DBoV2. Phylogenetic analysis revealed that the different strains of dromedary bocaparvoviruses formed two distinct clusters. The amino acid sequences of the NS1 proteins of all the DBoV1 strains showed >85 % identity among themselves but <85 % identity to those of all other bocaparvoviruses, while those of all the DBoV2 strains also showed >85 % identity among themselves but <85 % identity to those of all other bocaparvoviruses, indicating that DBoV1 and DBoV2 are two bocaparvovirus species from dromedaries according to the ICTV criteria for species classification of the genus Bocaparvovirus. Similar to other viruses that we recently discovered in dromedaries, such as dromedary camel coronavirus UAE-HKU23 and dromedary camel enterovirus [35, 37] , a significantly higher percentage of positive samples was observed in dromedary calves compared to adult dromedaries. The low K a /K s ratios of all the coding regions of the genomes of DBoV1 and DBoV2 showed that the viruses are evolving stably in dromedaries, although the higher ratios for DBoV1 indicate that it may be evolving more rapidly than DBoV2. Since some studies suggested that bocaparvoviruses may be associated with clinical diseases in the corresponding animals, further studies are required to determine the pathogenic potential of DBoV1 and DBoV2 in dromedaries.
This is the first study to describe the absence of phospholipase A 2 in the VP1 of bocaparvoviruses. For most bocaparvoviruses, the genomes consist of NS1, NP1 and VP1/VP2, of which VP1 possesses a phospholipase A 2 enzymatic core that disrupts the integrity of the membrane of the lysosome in the virus-infected cell [42] . In the Parvovirinae subfamily, all known members contain VP1. The phospholipase A 2 motif has been shown to be critical for MVC infection [43] . However, the genomes of members of the genus Amdoparvovirus do not possess the phospholipase A 2 motif or the associated calcium binding site in their VP1 proteins [44] [45] [46] . In this study, the typical genome structure of NS1-NP1-VP1/VP2 was also observed in DBoV1 and DBoV2. However, in the genomes of all the 18 sequenced strains of DBoV2, no phospholipase A 2 motif or associated calcium binding site were observed in the predicted VP1 sequences. This lack of the phospholipase A 2 motif and associated calcium binding site was confirmed using different DNA polymerases for PCR amplification. Moreover, the motif is not present in all three reading frames and therefore its apparent absence is not due to the use of a start codon other than AUG or alternative splicing. Despite the lack of the phospholipase A 2 motif, a stretch of 71 amino acids upstream to VP2 are indeed found to possess 36 % amino acid identity to the corresponding region of porcine bocavirus 3, indicating that VP1 could be present. In both DBoV2 and the amdoparvoviruses, the shorter VP1 results in the loss of around 50 amino acids at their N-terminals. Further experiments are necessary to determine if DBoV2 and the amdoparvoviruses have other mechanisms to destroy the cellular lysosomal membrane.
In addition to the phospholipase A 2 motif, there are other differences between the genomic features of DBoV1 and DBoV2. For DBoV1, the lengths of the NS1, NP1 and VP1/VP2 showed variations among the 21 genomes sequenced, but their G+C contents only varied by 1.9 %. As for DBoV2, the lengths of the NS1, NP1 and VP1/VP2 were identical among the 18 genomes sequences, but their G+C contents varied by 4.8 %. Interestingly, an extremely AT-rich region with G+C contents of only around 20 % and variable length was present downstream to NP1 in the DBoV2 genomes. The presence of a polyadenylation site in other parvoviruses has been proposed to be related to increased coding capacity [47] . Further experiments have to be performed to ascertain the exact function of this AT-rich region in DBoV2.
Camels are one of the most unusual mammals on Earth, who have shown perfect adaptation to desert life. There are two surviving Old-World camel species, namely Camelus dromedarius (the dromedary or one-humped camel), which inhabits the Middle East and North and Northeast Africa; and Camelus bactrianus (the Bactrian or twohumped camel), which inhabits Central Asia. Among the 20 million camels on Earth, 90 % are dromedaries. Before the emergence of MERS in 2012, viruses of eight families were known to infect dromedaries. In the past few years, we have reported the discovery of a novel dromedary coronavirus UAE-HKU23, a novel genotype of hepatitis E virus, a novel enterovirus and a novel astrovirus from dromedaries in the Middle East [34, 35, 37, 38] . We have also found a high diversity of picobirnaviruses and circoviruses in faecal samples from dromedaries and isolated West Nile virus from a respiratory sample from a dromedary [36, 48] . All these studies and the present one indicate that there are many previously unrecognized viruses in this group of unique animals. It is noteworthy that both MERS coronavirus and the novel hepatitis E virus genotype from dromedaries can be transmitted from camel to human. As for the novel hepatitis E virus genotype, it was found in a liver-transplant recipient from the Middle East with chronic HEV infection who had the habit of regular consumption of camel meat and milk, implying camel-tohuman transmission of the virus [49] . Close monitoring and surveillance is necessary to detect interspecies jumping events for other viruses from dromedaries. 
METHODS
Collection of specimens All samples were leftover specimens submitted for pathogen screening to the Central Veterinary Research Laboratory in Dubai, United Arab Emirates, over a one-year period (from January 2013 to December 2013). A total of 667 faecal samples from adult dromedaries and 72 faecal samples from dromedary calves were tested. All samples were collected from dromedaries from dairy farms or from racing dromedaries and most were apparently healthy.
DNA extraction
Viral DNA was extracted from faecal samples using a QIAamp viral DNA minikit (QIAgen, Hilden, Germany). The DNA was eluted in 50 µl of buffer AE and used as the template for PCR.
Detection of bocaparvoviruses
DNA was extracted from all samples using a QIAamp DNA minikit (QIAgen), following the manufacturer's protocol. DNA was subject to PCR for bocaparvoviruses, using forward primer 5¢-GATCTGCTTCTACGGACCNGC-3¢ and reverse primer 5¢-GCATGACTGCTTCTTCCCACCA-3¢ targeted to 161 bp fragment of the non-structural protein 1 (NS1) gene. The primers were designed using sequence results obtained from our metagenomic analysis of dromedary faecal samples [36] . The PCR mixture (25 µl) contained DNA, PCR buffer (10 mM Tris-HCl pH 8.3, 50 mM KCl, 2 mM MgCl 2 and 0.01% gelatin), 200 µM of each dNTPs and 0.625 U Taq polymerase (Applied Biosystems, Foster City, CA, USA). The mixtures were amplified in 60 cycles of 94 C for 1 min, 50 C for 1 min and 72 C for 1 min and a final extension at 72 C for 10 min in an automated thermal cycler (Applied Biosystems). Standard precautions were taken to avoid PCR contamination and no false-positive was observed in negative controls. PCR products were gel-purified using the QIAquick gel extraction kit (QIAgen). Both strands of the PCR products were sequenced twice with an ABI Prism 3700 DNA Analyzer (Applied Biosystems), using the PCR primers. The sequences of the PCR products were compared with known sequences of NS1 regions of bocaviruses in the GenBank database.
Genome sequencing and analysis Near-complete genome sequences were determined for the potentially novel dromedary bocaparvoviruses DBoV1 (from 21 samples of 14 adult dromedaries and seven dromedary calves) and DBoV2 (from 18 samples of 14 adult dromedaries and four dromedary calves) using the strategy described in our previous publications [15, 50, 51] . DNA directly extracted from the specimens was used for templates and amplified by primers designed by multiple alignment of the assembled contigs from metagenomic analysis [36] , and additional primers covering the original degenerate primer sites were designed from the results of the first and subsequent rounds of sequencing. Primer sequences are available on request. The terminal sequences were confirmed by a modified protocol for RACE [6, 15] . Sequences were assembled and manually edited to produce final sequences of the viral genome. All assembled sequences were confirmed by independent PCR using specific primers across overlapping regions to ensure the accuracy of the assembled sequences. The nucleotide sequences of the genomes and the predicted ORFs were compared to those of other bocaviruses. Maximum likelihood phylogenetic trees were constructed using PhyML version 3.0 [52] under the best evolutionary model (GTR+I+G for the tree constructed using complete genome sequences and LG+I+G for the tree constructed using amino acid sequences of NS1) determined by Modelgenerator [53] . Bootstrap values were estimated by using 100 replicates on the maximum likelihood substitution model. Protein domain and family analysis was performed using InterProScan [54] and/or multiple sequence alignment.
Analysis of intra-host genetic diversity As initial screening revealed nucleotide polymorphisms in the partial NS1 sequences from eight of the bocaparvovirus positive samples, PCR, cloning and sequencing were attempted on the NS1 and VP1 regions in two positive samples, 146 C-F and 158 C-F. The total nucleic acid from the samples was subjected to PCR using forward primer 5¢-A TTGAAWCAGGGYTCTTTGGCAG-3¢ and reverse primer 5¢-AGAGTGCTCTCTGGTGTRCACAT-3¢ for the partial NS1 gene, forward primer 5¢-TATTGGGATGAKGTCTAC-CAGAA-3¢ and reverse primer 5¢-GTKTATTTTTATTGG TATCAAAG-3¢ in the first-round PCR, and forward primer 5¢-CAGAAACACTTGGCACACGTNGA-3¢ and reverse primer 5¢-TCCCCTTCCCTCACCCGTGTCTT-3¢ in a nested PCR for the VP1 gene. The PCR mixture (25 µl) contained DNA, iProof High-fidelity PCR buffer (Bio-Rad), 200 µM of each dNTP and 0.5 U iProof High-fidelity DNA polymerase (Bio-Rad). The mixtures were amplified using 40 cycles of 98 C for 10 s, 60 C for 30 s and 72 C for 1.5 min, with a final extension at 72 C for 10 min, in an automated thermal cycler (Applied Biosystems). The PCR products were gel-purified using a QIAquick Gel Extraction kit. The purified products were cloned into pCR-Blunt TOPO-II vector (Invitrogen), following the manufacturer's instructions. Inserts of the clones were sequenced with an ABI Prism 3700 DNA Analyzer using primer sets that covered the entire insert in both directions.
Estimation of synonymous and nonsynonymous substitution rates
The number of synonymous substitutions per synonymous site, K s , and the number of non-synonymous substitutions per nonsynonymous site, K a , for each coding region between the 21 strains of DBoV1 and 18 strains of DBoV2 were calculated using the Nei-Gojobori method (JukesCantor) in MEGA5.0 [55] . 
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